Macrophage activation syndrome (MAS) is a potentially fatal complication of systemic inflammation. High mobility group box 1 (HMGB1) is a nuclear protein extensively leaked extracellularly during necrotic cell death or actively secreted by natural killer (NK) cells, macrophages and additional cells during infection or sterile injury. Extracellular HMGB1 orchestrates key events in inflammation as a prototypic alarmin. The redox states of its three cysteines render the molecule mutually exclusive functions: fully reduced "all-thiol HMGB1"exerts chemotactic activity; "disulfide HMGB1" has cytokine-inducing, toll-like receptor 4 (TLR4)-mediated effects-while terminally oxidized "sulfonyl HMGB1" lacks inflammatory activity. This study examines the kinetic pattern of systemic HMGB1 isoform expression during therapy in four children with severe MAS. Three of the four patients with underlying systemic rheumatic diseases were treated with biologics and two suffered from triggering herpes virus infections at the onset of MAS. All patients required intensive care unit therapy due to life-threatening illness. Tandem mass-spectrometric analysis revealed dramatically increased systemic levels of the cytokine-inducing HMGB1 isoform during early MAS. Disease control coincided with supplementary etoposide therapy initiated to boost apoptotic cell death, when systemic HMGB1 levels drastically declined and the molecule emerged mainly in its oxidized, noninflammatory isoform. Systemic interferon (IFN)-γ and ferritin peaked concomitantly with HMGB1, whereas interleukin (IL)-18 and monocyte chemotactic protein (MCP)-1 levels developed differently. In conclusion, this work provides new insights in HMGB1 biology, suggesting that the molecule is not merely a biomarker of inflammation, but most likely also contributes to the pathogenesis of MAS. These observations encourage further studies of disulfide HMGB1 antagonists to improve outcome of MAS.
INTRODUCTION
Macrophage activation syndrome (MAS) is a severe and potentially lifethreatening complication of systemic inflammatory disorders. It may occur in response to an infection (often viral), malignancy or a rheumatic disease (1) .
MAS typically appears in patients with systemic onset juvenile idiopathic arthritis (SoJIA) and its adult equivalent, adult-onset Still disease (1) ; it also is reported in other pediatric inflammatory disorders including juvenile systemic lupus erythematosus (SLE) (2) and Kawasaki disease (3) . Symptoms and signs of MAS include fever, hepatosplenomegaly, lymphoadenopathy, profound depletion of all cellular blood elements, liver dysfunction, disseminated intravascular coagulation and central nervous system dysfunction (1) .
MAS expresses a close clinical resemblance to a group of histiocytic cell disorders collectively known as hemophagocytic lymphohistiocytosis (HLH). MAS is classified among the secondary, or acquired forms of HLH (4, 5) . Primary HLH is a genetic disorder of immune regulation caused by mutations in genes encoding proteins required for the cytolytic activity exerted by NK cells and cytotoxic T cells (6) . Impaired cytolytic capacity also is postulated as a key event in the Jan-Inge Henter, 3 Daniel J Antoine, 4 and Ulf Andersson 1 pathogenesis of MAS, diminishing the ability to induce apoptosis needed for an immunologically silent elimination of target cells (7) . Hence, cell death by other mechanisms, including necrosis and pyroptosis, will dominate in MAS and HLH, leading to excessive activation and survival of macrophages, NK cells and T lymphocytes generating an overwhelming inflammatory reaction. A properly functioning cytotoxic defense system is needed to eliminate virally infected cells and transformed cells and to terminate immune reactions by killing autologous activated cells mediating inflammation. MAS, caused by compromised cytolytic capacity, may occur spontaneously as a consequence of uncontrolled systemic inflammation or may be triggered by a viral infection, commonly belonging to the herpes group family. Drug therapy, in particular based on biologics, is another route that may lead to MAS development (8, 9) . HMGB1 is a ubiquitous nuclear protein with proinflammatory properties when released to the extracellular space, thus establishing HMGB1 as a prototypic alarmin (10, 11) . HMGB1 is passively leaked out of necrotic cells. During apoptosis, HMGB1 will be terminally oxidized, strongly bound to the chromatin and retained in apoptotic bodies (12) . The assembly of large multiproteins complexed to activated inflammasomes generates caspase-1 formation that controls the release of IL-1β, IL-18 and proinflammatory isoforms of HMGB1, and consequently results in a programmed proinflammatory cell death called pyroptosis (13, 14) . IL-1 and IL-18 are well established and important mediators in MAS/HLH (1, 15) , while a functional role of HMGB1 in these conditions remains to be studied.
Once released into the extracellular milieu, HMGB1 binds and signals via a number of different reciprocal cell-surface receptors dependent on the redox state of the cysteines of the molecule (16, 17) . HMGB1 contains three conserved redoxsensitive cysteines (C23, C45 and C106), and modification of these cysteines determines the bioactivity of extracellular HMGB1 (Table 1) . A systematic nomenclature recently has been derived to classify the structure-activity relationship of the various redox-dependent isoforms (18) . The cytokine-stimulating activity of HMGB1 requires a disulfide linkage between C23 and C45, with C106 remaining in its reduced form with a thiol group (HMGB1.C23-C45.C106h). This disulfide HMGB1 enables binding and signaling via the TLR4/MD-2 complex to stimulate cytokine release in macrophages and other cells (17, 19) . When extracellular HMGB1 appears as a fully reduced molecule with all cysteines expressing thiol groups (HMGB1.C23h.C45h.C106h) it exerts potent chemotactic signals by forming a heterocomplex with CXCL12 that will bind to CXCR4 mediating synergistic chemotaxis (20) . However, this fully reduced HMGB1 does not bind to TLR4 and cannot activate the recruited inflammatory cells. The redox states of disulfide and fully reduced-HMGB1 are reversible processes. However, terminal oxidation of any of the three cysteine residues into sulfonyl HMGB1 (HMGB1.C23so.C45so.C106so) eliminates the proinflammatory capacity of HMGB1 in an irreversible fashion (17) . Whether this isoform of HMGB1 exerts any other biological activity is presently unknown. Active HMGB1 release requires additional posttranslational modifications including hyperacetylation of multiple lysine residues within the two nuclear location sequences (NLSs) that prevents nuclear reentry of HMGB1, thus resulting in a cytoplasmic accumulation of HMGB1 needed for extracellular export (21) . The extracellular presence of hypoacetylated HMGB1 specifies an origin by passive release during primary necrotic or secondary necrotic apoptotic cell death, while hyperacetylated HMGB1 indicates an active release via caspase-1 mediated pyroptosis in NK cells (22) (23) (24) , macrophages (21, 25) and other cells ( Table 2) .
Recent advances regarding analyses using high-resolution and sensitive liquid chromatography followed by tandem mass spectrometry (LC-MS/MS), offer novel opportunities to determine posttranslationally modified HMGB1 in biological samples informative of bioactivity and mode of release. This information provides further understanding of pathogenetic mechanisms operating in various diseases including MAS, which is the focus of the present study. 
MATERIALS AND METHODS

Patients
Four children aged 3 to 15 years, three previously diagnosed with systemic onset juvenile idiopathic arthritis and one with systemic lupus erythematosus, who all presented with MAS, were studied during a one-year period of November 2010 to October 2011 and fulfilled current MAS criteria (2, 26) . The diagnosis of SoJIA was made on the basis of the criteria of the International League of Associations for Rheumatology (27) Owing to the severe clinical MAS presentations including CNS affection in three patients and rapidly progressive pancytopenia in the fourth, and the similarities between MAS and hemophagocytic lymphohistiocytosis (HLH) (5), we chose to provide therapy with etoposide and corticosteroids, which is standard therapy in HLH (28, 29) . However, since the treatment protocols HLH-94 and HLH-2004 were originally designed for infants with primary HLH (familial hemophagocytic lymphohistiocytosis, FHL), we administered etoposide at lower doses (50-120 mg/m 2 ) and less frequent intervals (scheduled once weekly) than suggested in the HLH protocols (150 mg/m 2 , initially twice weekly). The duration of the etoposide treatment ranged from 4 to 7 wks. Although the two patients with severe CNS involvement at onset of etoposide therapy still have impaired CNS function at follow-up, all patients responded with dramatic improvement to the addition of etoposide therapy. The clinical characteristics of the patients are summarized in Table 3 .
This study was approved by the Stockholm Ethical Committee, Stockholm, Sweden. Parents and patients gave informed consent before inclusion.
Blood Samples
Sera were obtained from blood samples collected in tubes without additive and plasma was collected in EDTA tubes. Blood samples were centrifuged at 1440g for 10 min and cells were removed and stored at -80°C until assayed.
We serially determined the serum levels of inflammasome-associated HMGB1, IL-1α, IL-1β and IL-18 and additionally IFN-γ, MCP-1 and ferritin in the patients before, during and after therapeutic intervention until inflammation had resolved.
Serum samples from patients with oligoarticular, polyarticular, enthesitisrelated or other type of JIA according to the ILAR criteria, as well as serum samples from 10 healthy pediatric controls (range 2-14 years), were collected at Astrid Lindgren Children's Hospital and analyzed for comparison of total HMGB1 levels.
ELISA Assays for HMGB1 Detection
HMGB1 levels were measured in undiluted plasma using HMGB1 enzymelinked immunosorbent assay (ELISA) kit II, according to the instructions of the manufacturer (IBL International, Hamburg, Germany). The lower limit for detection was 0.3 ng/mL.
Cytometric Bead Array (CBA) and Bioplex for Detection of IFN-γ, IL-1α, IL-1β, IL-18 and MCP-1
All sera were diluted 1:2-1:8 before analysis. IL-1α, IL-1β, IL-18 and IFN-γ were measured by Bioplex (Bio-Rad Laboratories, Hercules, CA, USA) with a lower detection limit of 4-9 pg/mL. Levels of MCP-1 were measured by CBA using Human Soluble Protein Flex Sets and Human Soluble Protein Master Buffer Kits (BD Biosciences, San Jose, CA, USA) with a lower detection limit of 20 pg/mL. All analyses were performed according to the instructions of the manufacturers.
Serum levels of ferritin were analyzed at the clinical laboratory at Karolinska University Hospital in Stockholm, Sweden.
Characterization of HMGB1 Isoforms by Electrospray Ionization-Liquid Chromatography-Tandem Mass Spectrometry (ESI-LC-MS/MS)
All chemicals and solvents used were of the highest available grade (SigmaAldrich, St. Louis, MO, USA). Samples were precleared with 50-μL Protein G-Sepharose beads for 1 h at 4°C. HMGB1 present in 100 μL serum was immunoprecipitated with 5 μg of rabbit anti-HMGB1 (ab18256; Abcam, Cambridge, UK) for 16 h at 4°C as described previously (30) . For the analysis of HMGB1 redox posttranslational modifications, free thiol groups within HMGB1 were alkylated with 90 mmol/L N-ethylmaleimide (NEM) at 4°C for 10 min. Cysteine residues in disulfide bonds were then reduced with 30 mmol/L dithiothreitol (DTT) at 4°C for 1 h. Newly DTT reduced cysteines then were alkylated with a heavy labeled d 5 NEM (NEM + 5× deuterium) which yields a mass shift of 130 atomic mass unit (amu) compared with the NEM-unexposed protein and 5 amu compared with the NEMalkylated protein. Terminal oxidation of HMGB1 cysteines was characterized as described previously (16, 17, 31) . Samples were subjected to trypsin (Promega, Madison, WI, USA) or GluC (New England Biolabs, Ipswich, MA, USA) digestion according to manufacturer's instructions and desalted using C18 zip-tips (Millipore, Billerica, MA, USA). Assessment of HMGB1 acetyl modifications was determined as previously described (32) . Peptide analysis was determined as described previously using an AB Sciex QTRAP 5500 equipped with a NanoSpray II source (AB Sciex, Framingham, MA, USA) by inline liquid chromatography using a U3000 HPLC System (Dionex [Thermo Scientific], Sunnyvale, CA, USA), connected to a 180 μm × 20 mm nanoAcquity UPLC C 18 trap column and a 75 μm × 15 cm nanoAcquity UPLC BEH130 C 18 column (Waters, Milford, MA, USA) via reducing unions. A gradient from 0.05% trifluoroacetic acid (TFA) (v/v) to 50% acetonitrile (ACN)/ 0.08% TFA (v/v) in 40 min was applied at a flow rate of 200 nL/min. The ion spray potential was set to 2,200-3,500 V, the nebulizer gas to 19 and the interface heater to 150°C.
RESULTS
Four children with exceptionally severe MAS (clinical data are outlined in Table 3) were studied retrospectively regarding systemic overall HMGB1 levels and the kinetic expression of systemic HMGB1 isoforms generated by posttranslational modifications in particular. First-line therapy based on high intravenous doses of corticosteroids and cyclosporine A (CsA) to suppress the cytokine storm did not control the excessive inflammation in any of the MAS patients. Systemic etoposide treatment subsequently was introduced to improve the deficient ability to mediate apoptosis in critical target cells driving the uncontrolled inflammation. Particular focus was directed on HMGB1 isoform analysis in blood samples obtained closely before and after etoposide infusions. Information about the acetylation state of the extracellular HMGB1 discriminates between active and passive modes of release (Table 2) , while HMGB1 redox isoform analysis relates to reciprocal receptor usage and thus the functional role of HMGB1 in the inflammatory process ( Table 1) . Studies of well-known proinflammatory mediators and biomarkers known to reflect the clinical course of MAS were conducted in parallel. These serum analyses included assessments of ferritin, IFN-γ, IL-1α, IL-1β, IL-18 and monocyte chemotactic protein (MCP-1).
Total serum HMGB1 levels in MAS patients before initiation of etoposide were significantly higher (p < 0.05) compared with those observed in JIA patients without MAS and healthy children (Figure 1 ). Peak systemic HMGB1 levels were recorded at the same time as the MAS patients expressed maximal symptoms and signs. The predominant part of the total HMGB1 pool was at this stage hyperacetylated (Figures 2A, 3A , 4A, 5A) indicating that the systemic HMGB1 in these patients was actively secreted rather than passively released from dying cells (14, 21) .
Control of inflammation with a clinical stabilization in the patients coincided with the initiation of supplementary etoposide treatment, when a prompt decrease of the systemic HMGB1 levels occurred. Redox state analysis of the expressed HMGB1 isoforms revealed additional useful clinical information. Serum samples taken before initiation of etoposide treatment mainly expressed the fully reduced and disulfide HMGB1 isoforms. These isoforms mediate inflammation via promotion of chemotactic signals, accumulating professional inflammatory cells or activating these via the TLR4 receptor complex, respectively. Disulfide HMGB1 binds to the extracellular adaptor protein MD-2 of the TLR4 receptor complex, in the same fashion as lipopolysaccharide (LPS), generating potent proinflammatory cytokine production, which is one of the hallmarks of MAS. By contrast, serum samples obtained after etoposide treatment predominantly expressed HMGB1 that was terminally oxidized expressing sulfonic acid (SO 3 H) groups on the cysteine residues ( Figures 2B, 3B, 4B , 5B). This is an HMGB1 isoform without known proinflammatory Figure 1 . High systemic HMGB1 levels in MAS patients. Serum concentrations of total HMGB1 levels were markedly increased in plasma during severe MAS as compared with children with uncomplicated JIA and healthy pediatric controls. HMGB1 levels were measured by ELISA and correlation was calculated using the Spearman rank correlation test. The HMGB1 levels in the same cohort of JIA patients and healthy control children have been published previously in (38) . . High levels of HMGB1 in both fully reduced and disulfide isoforms were documented during severe disease, which rapidly declined after initiation of etoposide treatment concomitantly with serum concentrations of (C) the clinical biomarker ferritin as well as (D) IFN-γ. In the clinical resolution phase, serum HMGB1 appeared predominantly in the terminally oxidized sulfonyl isoform. Serum concentrations of (E) IL-18 and (F) MCP-1 peaked weeks later when the patient was recovering. MP-pulses: methylprednisolone pulses.
activities. The clinical signs of disease were considerably milder at this stage. Taken together, these findings suggest that etoposide treatment contributed to a reduction of total HMGB1 levels and a conversion of the remaining HMGB1 to a noninflammatory isoform.
Serum ferritin is a protein that stores iron in a soluble form and its synthesis is regulated by intracellular iron, inflammatory cytokines and oxidative stress. Serum ferritin levels are especially increased in HLH and MAS, since hemophagocytosis results in enhanced uptake of haptoglobin-hemoglobin complexes by macrophages triggering a production of ferritin to sequester the excessive amount of free iron. Serum ferritin levels are used as the golden standard parameter to monitor the clinical course of MAS/HLH (33,34). All our studied MAS patients expressed serum ferritin levels that followed a parallel course to that of hyperacetylated serum HMGB1 levels and all these parameters mirrored the clinical course with decreased levels in response to etoposide treatment combined with clinical improvement (Figures 2C, 3C, 4C, 5C ). Patient 1 in particular demonstrated a dramatic decline in serum ferritin levels from 121,937 to 13,416 μg/L (upper normal range should be below 100 μg/L) within a few days after etoposide infusions (see Figure 2C) . IFN-γ is the main macrophage-activating cytokine and is released from activated NK cells and T lymphocytes. IFN-γ primes the capacity of macrophages for phagocytosis and for proinflammatory cytokine production and is thus a central cytokine in the pathogenesis of MAS (1, 35) . Serum levels of IFN-γ were increased markedly during periods with severe disease in all studied MAS patients and these levels promptly decreased during clinical resolution after etoposide treatment ( Figures 2D, 3D, 4D, 5C ).
IL-1 and IL-18 also have been demonstrated to be central pathogenic mediators in MAS (36, 37) and both molecules are released during pyroptosis, which likewise is an important pathway for HMGB1 release (13, 14) . Increased serum levels of IL- 18 were documented in all our patients, with peak values appearing later than serum HMGB1, IFN-γ and ferritin levels ( Figures 2E, 3E, 4E, 5E ). Serum IL-1α and IL-1β were not detected at any time point in any of the studied MAS patients (data not shown). IL-1 exerts potent biological effects at the low pg/mL range, and we believe that our detection methods were not sensitive enough to discover these low levels. The chemokine MCP-1 is increased in JIA patients (38) and has been implicated in the pathogenesis of HLH where serum concentrations correlate well to disease activity (39) . In the present study, serum MCP-1 levels did not change in any consistent manner in response to treatment and the levels peaked around 3-4 wks after the initiation of therapy ( Figures 2F, 3F, 4F, 5F ).
To summarize, the results were uniform in all four MAS patients with high levels of inflammatory HMGB1 isoforms promptly declining during clinical resolution induced by therapeutic intervention with etoposide, corticosteroids and cyclosporin A. Systemic levels of ferritin and IFN-γ appeared concomitantly with HMGB1, whereas levels of IL-18 and MCP-1 did not correlate as closely with the clinical course.
DISCUSSION
In this report, we present four children with severe MAS, where serum levels of total HMGB1 and its redox isoforms were monitored longitudinally at clinically important stages. We revealed markedly elevated serum HMGB1 levels in active MAS in all patients. Moreover, the systemic HMGB1 was expressed in immunological active isoforms promoting either cytokine induction, phagocytosis or chemotaxis during critical illness. Control of clinical inflammation was achieved in all patients when etoposide treatment was added to the conventional antiinflammatory treatment with a marked decline of the extracellular presence of HMGB1 that then mainly appeared irreversibly oxidized to the inflammatory inactive isoform, sulfonyl HMGB1. This in line with several publications that have demonstrated that the oxidative stress during apoptotic cell death induces potent intracellular oxidation events resulting in terminal oxidation of HMGB1 (40) (41) (42) . Sulfonyl HMGB1 is generally the end product of apoptotic cell death and shows caspase-3 dependence (40) . Etoposide is a chemotherapeutic drug that inhibits topoisomerase II, resulting in er- (43) . Etoposide is the mainstay of treatment for HLH patients (44), but has not yet undergone controlled trials for MAS patients. The life-threatening courses of MAS in our patients, who were refractory to high-dose corticosteroids, required additional treatment options. Since the clinical expressions of HLH and MAS are indistinguishable, we chose etoposide in a somewhat reduced dose than commonly used for HLH treatment. A considerable risk regarding the use of etoposide is an elimination of too many immunocompetent cells necessary for the defense against pathogens, as in patient #2 who developed neutropenia and bacterial sepsis after the etoposide infusion, and was successfully treated. All patients had ongoing immunomodulatory therapy at onset of MAS when additional treatment with intravenous corticosteroid pulses only or corticosteroid pulses plus CsA was initiated. Inadequate clinical responses in the treated patients led to supplementary etoposide treatment that was followed by drastically reduced HMGB1 levels, terminal HMGB1 oxidation and clinical improvement. Whether the observed outcome parameters were due to effect generated by etoposide alone or etoposide acting synergistically with other therapeutic agents cannot be resolved in our small study.
Significant amounts of extracellular HMGB1 may be discharged either by active secretion from activated immune cells or by passive release from necrotic, pyroptotic or damaged cells, but not from apoptotic cells (10) . Acetylation of multiple lysine residues within the two NLS sites of HMGB1 is a key regulatory mechanism promoting the active release of HMGB1 from secreting cells. The high levels of hyperacetylated HMGB1 during severe MAS imply that the largest contribution to the systemic HMGB1 pool came via secretion from stimulated professional immune cells. The systemic levels of hyperacetylated HMGB1 demonstrated in our MAS patients were exceptionally high and even exceeded levels recorded when identical LC-MS/MS methods were employed to assess acetylated HMGB1 serum levels in acetaminophen (APAP)-intoxicated pa- tients, who either died or needed a liver transplant (45) . It is well established that acetylated HMGB1 is a major pathogenetic factor causing liver failure during APAP intoxication (30, 42, 45) . Serum levels of acetylated HMGB1 have been demonstrated to be a highly sensitive and specific biomarker to predict the clinical outcome in patients with APAP-induced hepatotoxicity (45) . Future prospective studies are warranted to estimate the value of assessing acetylated HMGB1 levels in MAS/HLH as a prognostic tool to predict outcome in these conditions.
CONCLUSION
How could then extracellular HMGB1 contribute to the systemic inflammation in MAS? There are several HMGB1-dependent pathways that may be involved if we postulate that the initiating event in MAS in a given sterile or infectious insult is an impaired capacity to provide key cytolytic molecules needed for induction of apoptosis in critical target cells. Other modes of cell deaths including necrosis or pyroptosis will then take place instead. These cellular events will generate extracellular fully reduced HMGB1 as well as disulfide HMGB1 pools that will drive inflammation via chemotactic signals via CXCR4 (20) and activation of the recruited inflammatory cells via TLR4/MD2 (19, 46) to produce proinflammatory cytokines and to induce powerful phagocytic responses. A deficient cytolytic capacity to eliminate autologous activated NK cells and cytotoxic T cells, which are key producer cells of both IFN-γ and HMGB1, will further contribute to the macrophage activation in the patients. The almost identical temporal changes observed in our patients regarding systemic levels of IFN-γ and acetylated HMGB1 in response to therapy are in line with this assumption (Figures  2-5) . It is important to consider that it is most likely only the cytolytic pathway that is selectively compromised in cytotoxic NK cells and CD8-positive T cells in MAS/HLH patients. When these cells get activated they will produce much IFN-γ and HMGB1 and other mediators in their normal repertoire. Furthermore, the poor cytolytic activity seen in HLH/MAS patients may lead to a failure to remove autologous virus-infected cells and thus the source for antigen stimulation will persist leading to long-lasting antigen-driven activation of the immune system escalating the inflammatory response.
"HMGB1 with a disulfide linkage between cysteine 23 and 45 binds to MD-2 of the TLR4 receptor complex with almost the same avidity as LPS" (2015 letter from Huan Yang to Ulf Andersson; unreferenced; see Acknowledgments) (46) . Consequently, high systemic disulfide HMGB1 levels may elicit a cytokine storm analogous to that occurring in gram negative sepsis (46, 47) . Furthermore, HMGB1 has an inherent ability to form immunostimulatory complexes with other molecules including nucleic acids, nucleosomes, IL-1α, IL-1β, or CXCL12 as well as exogenous factors including LPS and additional TLR-ligands, thereby enhancing proinflammatory responses in a synergistic way via reciprocal receptors for the HMGB1-partner molecules (48, 49) .
Potent inflammasome activation during exaggerated pyroptotic cell death is another mechanism that may contribute with IL-1β, IL-18 and proinflammatory HMGB1 isoforms (13, 14, 31, 50) . Furthermore, it was reported recently that extracellular HMGB1 by itself may induce macrophage pyroptosis and caspase-1 activation through RAGE-mediated endocytosis of HMGB1 (51) . No information is yet available regarding HMGB1 isoform requirements for this positive feedback loop that may play an important functional role in the uncontrolled inflammation.
Administration of disulfide HMGB1 to normal animals produces systemic inflammatory responses with sickness behaviors including fever, anorexia, cognitive dysfunction, anemia, acute lung injury, endothelial cell activation, epithelial barrier dysfunction, arthritis and death (52) . Therapeutic targeting of HMGB1 with neutralizing antibodies or other specific antagonists has been successful in numerous animal models of systemic inflammation (52) (53) (54) .
The finding of our limited, retrospective study cannot provide definitive information about any critical step in the pathogenesis of life-threatening MAS, but rather represents a first attempt to explore dynamic changes of HMGB1 isoforms in relationship to clinical presentation and given therapy. Multicenter studies are required to recruit larger patient cohorts for prospective, randomized, controlled studies to provide definitive conclusions on the role of HMGB1 isoforms in MAS/HLH as biomarkers to predict outcome, treatment stratification and as possible target molecules for future therapy.
